INTRODUCTION
The pFC constitutes about one third of the human cortex (Stuss & Benson, 1986) and has extensive bidirectional connections to other cortical and subcortical regions (Petrides & Pandya, 2002) . This neuroanatomical organization places pFC in a unique position to monitor and control diverse human behaviors with lesions to the frontal lobes resulting in problems with higher-order control of cognition, emotion, and behavior. There is emerging consensus that there is no unitary executive function. Rather, subregions within the frontal lobes are associated with distinct cognitive functions supporting the general concept of cognitive control (Stuss & Alexander, 2000) . One major functional anatomical distinction is between lateral pFC (LPFC) and OFC with each region having multiple subareas. Although the LPFC is primarily associated with cognitive executive functions such as controlled attention, working memory, goal selection, planning, sequencing, and set shifting (Royall, 2002) , injury to the OFC is associated with altered self-regulatory behavior such as poorly modulated emotional reactions and social interactions and defective decision-making. OFC damage tends to affect the ability to utilize cues in the environment to predict future rewarding or aversive events and the ability to regulate behavioral responses, particularly in the context of changing reinforcement contingencies. Lack of insight into the consequences of the brain injury is typical after OFC damage (Koenigs & Tranel, 2006; Stuss & Levine, 2002) .
Although the cognitive executive problems following LPFC lesions are more likely to be detected in neuropsychological evaluations, patients with OFC injury will often display normal results on formal cognitive evaluations despite marked problems with "real-life" decision-making, such as maladaptive personal, social, and occupational functioning (Zald & Andreotti, 2010) .
A prominent clinical symptom in patients with frontal lobe injury is a reduced ability to adapt efficiently to changed requirements from their environment (Stuss & Levine, 2002) . Coping with change is a prerequisite for survival because failure to detect and respond to salient changes in our surroundings could be fatal. This process of novelty detection is related to the orienting response (Sokolov, 1963) , enabling the redirection of attention toward a new stimulus. When a stimulus is perceptually salient, this reorienting of attention is largely reflexive (Corbetta, Patel, & Shulman, 2008) , although there is evidence that the automatic bottom-up driven reorienting is also modulated by the top-down attentional set of the subject (Chong et al., 2008; Folk, Leber, & Egeth, 2002) or by the degree of task relevance of the stimulus ( Yantis & Egeth, 1999) . Subsequent to detecting the occurrence of a novel event, there is a need to rapidly evaluate the significance of this change and to decide whether action is called for.
The ERP method provides a physiological probe well suited to address psychological theories of frontal lobe function (Stuss, Shallice, Alexander, & Picton, 1995) . Two frontally distributed ERP components have been proposed to represent a neurophysiological marker of the orienting response; the Novelty P3 and a later negative slow wave (NSW) with a frontal scalp distribution (Rohrbaugh, Syndulko, & Lindsley, 1979; Kok, 1978) .
The P3 complex is one of the most widely studied ERP components (for comprehensive reviews, see Polich, 2007; Polich & Criado, 2006; Friedman, Cycowicz, & Gaeta, 2001; Kok, 2001; Soltani & Knight, 2000) . The P3b component with a positive polarity and parietal maximum is associated with voluntary target detection (Soltani & Knight, 2000) , whereas the earlier and more frontocentrally distributed Novelty P3 is elicited by infrequent, task-irrelevant, but perceptually salient, stimuli (Courchesne, Hillyard, & Galambos, 1975; Squires, Squires, & Hillyard, 1975) . The Novelty P3 has been considered to be a neurophysiological marker of the orienting response (Debener, Makeig, Delorme, & Engel, 2005; Debener, Kranczioch, Herrmann, & Engel, 2002; Soltani & Knight, 2000) . Although frontal brain structures contribute to generation of the Novelty P3, parietal cortices and the TPJ are associated with the target P3b (Mecklinger & Ullsperger, 1995) .
Deviant stimuli can also generate a frontally distributed NSW in the same time window as the posterior P3b (Spencer, Dien, & Donchin, 2001; Näätänen, 1992) . The NSW has been discussed in relation to the orienting response and is typically observed in contingent negative variation paradigms where an initial stimulus (S1) signals that the second and imperative stimulus (S2) will follow (Walter, 1964) . Rohrbaugh and colleagues (1979) propose that the NSW represents a nonspecific cortical activation reflecting the transient appearance of alerting, orienting, arousal, or activation. The frontal NSW is sensitive to task load, aspects of encoding and retrieval from long-term memory and working memory (Ruchkin, Canoune, Johnson, & Ritter, 1995) . Although some debate persists as to what specific cognitive operations are indexed by late slow waves, all current theories of the NSW link this ERP to the level of mental processing (Ruchkin et al., 1995; Ritter & Ruchkin, 1992) .
Earlier latency ERP components preceding the P3, such as the N1 and P2 components, are modulated by topdown processes. Knight, Hillyard, Woods, and Neville (1980) showed that, although LPFC damage resulted in an enhanced N1 component, the following P2 was normal, a finding that was interpreted as a demonstration of altered inhibitory control over sensory processing because of prefrontal deficit. Thus, the process of detecting salient novel events is performed using interrelated cognitive operations, where the Novelty P3 represents an important but not exclusive part of the novelty-processing cascade.
Studies of patients with heterogeneous lesion distributions provide mixed results, reporting both attenuation (Solbakk, Reinvang, & Andersson, 2002) and enhancement (Kaipio et al., 1999) of the Novelty P3. Studies of patients with focal brain lesions have, however, provided a strong case for anatomical network specificity. Knight and Scabini (1998) summarized several studies showing that focal lesions to the LPFC result in reduced Novelty P3 amplitudes in visual, auditory, and somatosensory tasks. Superior parietal lesions affect neither the P3b to targets nor the Novelty P3, but lesions to the TPJ attenuate both components. The reduction of the Novelty P3 amplitude following frontal lobe lesions has been confirmed by colleagues (2000, 2003) . Importantly, these studies demonstrated shorter viewing time to visual novel events in patients with frontal lobe damage, providing key behavioral evidence that patients with frontal lobe injuries exhibit reduced orienting behavior to novel events. Similarly, LPFC lesions eliminate the classic von Restorff memory boost seen in normal subjects for novel events (Kishiyama, Yonelinas, & Knight, 2009) .
Whereas the role of the LPFC has been documented, the role of OFC in novelty processing is not well defined. In one study, four OFC patients were reported to have enhanced Novelty P3s, but the stimuli were embedded in an emotionally laden context (Rule, Shimamura, & Knight, 2002) . Another study with traumatic brain injury (TBI) patients (Kaipio et al., 1999 ) also reported enhanced P3s, but the lesions were of mixed etiology compromising strong conclusions on the role of OFC in novelty processing.
In the present study, we examined a large cohort of OFC patients in a cognitive task with no emotional component. An auditory novelty oddball paradigm was administered to one patient group with OFC damage (OFC group) and one with LPFC damage (LPFC group). On the basis of previous studies, we hypothesized that LPFC lesions would result in altered novelty detection reflected in a reduction of the Novelty P3 amplitude (Daffner et al., 2000 (Daffner et al., , 2003 Knight, 1984) . Rule et al. (2002) reported an enhanced novelty response in patients with OFC damage. However, as noted, these findings were derived from a design involving affectively laden stimuli and would not necessarily apply to a paradigm where the environmental novels are presented in an emotionally neutral task context. The extant literature did thus not allow for strong predictions about the effects of OFC lesions.
A second objective was to examine the contributions of OFC or LPFC lesions to other aspects of the Novelty processing cascade, indexed by alterations in ERP components both preceding and following the P3 complex. The extant literature suggests an increase in N1 amplitudes after LPFC lesions. As for the P3 complex, previous studies did not give rise to strong predictions about the N1 after OFC lesions. It was expected that later parts of the orienting response would be indexed by slow negative waveforms. Although it is well known that oddball paradigms tend to elicit NSWs following the P3 complex, the literature did not provide a specific hypothesis regarding the effect on this aspect of novelty processing after focal frontal brain injury, and this part of the analysis was exploratory.
METHODS Participants
Nineteen patients with prefrontal lesions and 15 healthy controls were included in the study. All subjects were right handed. The OFC group consisted of 13 patients, and the LPFC group consisted of 6 patients (see Table 1 and Figures 1 and 2 for patient characteristics). The OFC group consisted of four patients with traumatic brain injury (TBI), one with low-grade glioma (LGG), and the remaining eight who had undergone resection of large meningiomas. The majority (10 of 13) of OFC patients had bilateral damage. All patients in the LPFC group had unilateral lesions because of LGG. All patients with tumors had gone through surgical tumor resection. None of the patients had received radiation therapy, whereas one patient in the LPFC group had received chemotherapy.
Patient inclusion was based on preexisting frontal brain lesions indicated on structural CT and/or MRI scans. Lesion Lesions that comprise <0.5 ccm in any given Brodmannʼs area are not reported. BA = Brodmannʼs area, RH = right hemisphere, LH = left hemisphere; TBI = traumatic brain injury; LGG = low-grade glioma. (Table 2) . Participants with a history of serious psychiatric disease, drug or alcohol abuse requiring treatment, premorbid head injury, pre-/comorbid neurological disease, IQ below 85, substantial aphasia, visual neglect, or marked sensory impairment were excluded from participation. The functional outcome of the patients was classified with the Glasgow Outcome Scale Extended (GOS-E; . GOS-E is a hierarchical scale in which overall rating is based on the lowest outcome indicated. Total, verbal, and performance IQ were estimated on the basis of all four subtests of the Wechsler Values given are mean (±SD).
Abbreviated Scale of Intelligence ( Wechsler, 1999) . Two subtests were selected from the WAIS-III and Digit Span and Letter-Number Sequencing ( Wechsler, 1997 (Delis, Kaplan, & Kramer, 2001 ). Screening of emotional distress was performed using the Symptom Checklist 90 Revised (SCL-90-R; Derogatis, 1994) . The presence of obsessive-compulsive symptoms was explored using the Obsessive-Compulsive Inventory Revised (OCI-R; Foa et al., 2002) . Patients and controls gave their informed consent to participation. Controls were paid NOK 500 (approximately USD 80) for participation in the entire research program that included neuropsychological assessment, EEG, as well as structural and functional MRI examination. The study was approved by the Regional Committee for Medical Research Ethics, Region South, and was conducted in agreement with the Helsinki declaration.
Task
Subjects were seated 1 m from a 24-in. computer screen. They were instructed to fixate on a star in the center of the screen during data acquisition. Auditory stimuli were presented binaurally through stereo headphones. The novelty oddball paradigm consisted of 280 (70%) 1000-Hz tones designated standard and 60 (15%) designated target tones of 1500 Hz presented in a pseudorandomized order where a target tone was never followed by another target. The duration of standard and target tones was 50 msec. Sixty (15%) unique environmental sounds (e.g., dog barks, door slams, and laughter) with matched intensity and a presentation time of 400 msec were interspersed in a pseudorandomized order. A novel stimulus never preceded a target tone or another novel. Subjects were instructed to press a button to target stimuli with the index finger of their dominant hand and to ignore all other sounds. They were asked to respond as fast and as accurately as possible. The experiment was presented in two blocks containing 140 standard, 30 target, and 30 novel stimuli each. A training session containing 15 standard tones and five targets, but no novel stimuli, was presented before EEG recording started. Subjects were not informed that novel stimuli would appear during the experimental run. Stimulus presentations and response recordings were controlled using E-prime software, version 2.0 (Psychology Software Tools, Pittsburgh, PA).
EEG Recording
EEG data were acquired using a 128-channel HydroCel Geodesic Sensor Net and Net Amps 300 amplifier (Electrical Geodesics, Eugene, OR). Impedance was kept below 100 kΩ (Ferree, Luu, Russell, & Tucker, 2001 ). Recordings were initially referenced to Cz and subsequently rereferenced to an average reference before data analysis. EEG signals were sampled at 250 Hz with a 24-bit analogto-digital converter and a DC to 125-Hz band pass.
ERP Analysis
ERP analyses and identification of peaks/computation of mean amplitudes from averaged ERP waveforms was carried out using Net Station, Version 4.3.1 software (Electrical Geodesics, Eugene, OR). Continuous EEG data were filtered off-line with 0.3-Hz high pass and 20-Hz low pass filters. Data were epoched, time-locked to stimulus onset in segments from −100 to 900 msec. Artifact detection, artifact correction, and bad channel interpolation were performed using Net Station custom procedures. Channels were marked as bad throughout the entire recording if bad in more than 20% of the segments, and segments were defined as bad if they contained more than 10 bad channels as defined by the computer algorithm or visual inspection. Averaged ERPs were based on correct trials for the three stimulus types (standard, target, and novel).
ROI electrode groups were established as shown in Figure 3 with the following anatomical sites: one right, midline, and left frontal group; one right and left frontocentral group with Cz as midline electrode; and one right, left, and midline parietal ROI. Statistical analyses and illustrations were performed on extracted mean values over electrodes in each ROI. All patients in the LPFC group had unilateral lesions, with three patients having right hemisphere lesions. In statistical analyses and illustrations, the electrodes of the group with right hemisphere Figure 3 . ROI electrode groups. Three electrode groups were established along the anterior-posterior axis (frontal, frontocentral, and parietal) and three groups along the right-left axis (right, center, and left).
lesions are exchanged so that left hemisphere electrodes are synonymous with lesioned hemisphere for the whole LPFC group.
The ERP amplitudes and latencies were extracted as follows:
N1: N1 peak was defined as the most negative point 60-120 msec poststimulus. Latency of this point was derived for all three stimulus types and analyzed over frontal and frontocentral electrode groups. P2: Because of the temporal overlap between the P2 and the P3a component for deviant tones, P2 mean amplitude 100-250 msec poststimulus was analyzed over frontal and frontocentral electrode groups for standard tones only. N2: The deviance related negativity (N2) is best observed in difference waveforms where the ERP to standard tones is subtracted from ERPs to novel and target sounds. The N2 appeared at a shorter latency to novel stimuli compared with targets. Peak amplitude and latency for novel N2 was derived as the most negative point 125-300 msec after stimulus onset and target N2 as the most negative point 150-300 msec. The N2 was analyzed statistically over the frontocentral midline electrodes Cz and Fcz. P3b to target: P3b peak amplitude and latency was derived at the most positive amplitude 300-500 msec poststimulus over parietal electrode groups. Mean amplitude in the 300-500 msec time window was also computed. Novelty P3: Peak amplitude and latency was analyzed at the most positive point 270-400 msec poststimulus with all ROI electrode groups included in the initial overall analysis. Mean amplitude for the same time interval was also calculated. Habituation of the Novelty response was studied by comparing the mean amplitude of the first three novel stimuli over the frontal midline electrodes with the mean amplitudes of novel stimuli numbers 4-6 and 7-9, respectively. Sustained late negativity: A sustained late NSW following P3 was seen over frontal and frontocentral electrode groups. Visual inspection of group averaged ERPs revealed that the NSW had shorter duration for the target stimuli compared with the novels. Accordingly, the NSW was independently analyzed as the mean amplitude 400-600 msec (early NSW) and 600-800 msec (late NSW) poststimulus over frontal and frontocentral electrode groups for target and novel deviant stimuli.
Statistical Methods
SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL) was used for statistical analyses. ERP data were analyzed using repeated measures ANOVA. There were three levels of stimulus type (standard, target, and novel), three levels of electrode groups along the anterior-posterior axis (frontal, frontocentral, and parietal), and three levels along the left/ right (hemisphere) topographical axis (right, midline, and left). There were also three levels of the between-subject factor group (control, OFC, and LPFC group). GreenhouseGeisser epsilon corrected p values along with uncorrected degrees of freedom are reported for computations involving more than two levels of a repeated measures factor. Analyses that yielded significant interactions between Group, Stimulus Type, Anterior-Posterior, or Hemisphere resulted in planned contrasts between the levels of the variable. In those cases where the patient groups differed from each other, lesion volume was entered as covariate in the ANOVA. Demographic, psychometric, and performance data were analyzed using one-way ANOVA with Group as between-subject factor. Bonferroni corrected p values are reported in post hoc analyses. Effects involving differences between patient groups and controls were of primary interest. The relationship between behavioral responses and ERP measures was explored with Pearson two-tailed correlation coefficients and comparisons of amplitudes over the hemispheres within groups were conducted with paired samples t test. Results are reported with a significance level of ≤.05.
RESULTS

Functional Outcome
Both patient groups had GOS-E scores categorizing them as "Moderately impaired-Upper Level" (OFC: 6.3, SD = 1.1; LPFC: 6.2, SD = 1.0), an outcome level that characterizes patients who are capable of living an independent life despite having disabilities because of the brain injury (Teasdale, Pettigrew, Wilson, Murray, & Jennett, 1998) . The patient groups did not differ significantly from each other or the healthy controls in total, verbal, or performance IQ (see Table 2 ). Performance was within normal range, and there were no significant group effects on any of the Wechsler Abbreviated Scale of Intelligence, WAIS-III, or Delis-Kaplan Executive Function System subtests. However, there was a group effect on the ObsessiveCompulsive subscale of the SCL-90-R (F(2, 31) = 4.62, p < .02) because of the OFC group having higher scores than the controls (OFC: 10, SD = 5.8; controls: 3.5, SD = 4.6, p < .03). There was also a group effect on the Hostility subscale of the SCL-90-R (F(2, 31) = 5.71, p < .01) because of the LPFC group reporting more symptoms of irritability than the controls (LPFC: 3, SD = 2.9; controls: 0.38, SD = 0.7, p < .01). The OFC group reported more obsessive-compulsive symptoms on the OCI-R as well, as there was a significant group effect on the Ordering (F(2, 33) = 5.83, p < .01) and Hoarding (F(2, 32) = 3.58, p < .04) subscales. This effect was due to the OFC group reporting significantly more symptoms than controls on the Ordering subscale (OFC: 3.9, SD = 2.7; controls: 1.1, SD = 1.5, p < .01) and near significantly more on the Hoarding subscale (OFC: 4.1, SD = 2.6; controls: 1.9, SD = 2.1, p < .06). Table 3 displays mean hit rate and RT to targets, as well as false alarms to novels and standards. There were no statistically significant differences between groups. Both patient groups and healthy controls had a high hit rate to targets (>99%) and showed few commission errors to nontargets (<2%). RTs to targets did not differ significantly between groups.
Performance Data
ERP Data
Overview
Grand average ERPs for each of the three groups to standard, target, and novel stimuli are presented in Figures 4-6. Scalp topographies for the Novelty P3 response along with ERP difference waves for novel minus standard tones over frontal electrode sites are depicted in Figure 7 , and scalp topographies for the NSW to deviant sounds are illustrated in Figure 8 . Visual inspection suggested that the task elicited the expected frontally distributed Novelty P3 to novel sounds ( Figures 6A and 7) and that both patient groups displayed an amplitude reduction of the novelty response. The parietally maximal P3b to target stimuli was present in all groups ( Figure 5C ). Both types of deviant sounds elicited a frontal/frontocentral sustained NSW that was more pronounced with a longer duration for novel stimuli compared with targets. The NSW was particularly pronounced for the LPFC group ( Figures 5A, 6A , and 8).
Early Latency ERP Components-N1, P2 and N2
N1. Regardless of stimulus type, the LPFC group had enhanced N1 amplitudes over the lesioned hemisphere compared with both the OFC group ( p < .01) and controls ( p < .01). This effect was evident in a significant interaction between Hemisphere and Group (F(4, 62) = 9.61, p < .001). The OFC group and controls did not differ significantly from each other. Both patient groups displayed a shorter left/lesioned frontal N1 latency to targets than the control group (controls: 99.3 msec, SD = 7.9 msec; OFC: 88.5 msec, SD = 17 msec; LPFC: 90.78 msec, SD = 5.5 msec). This was seen in a significant effect of Group over this electrode location for target stimuli (F(2, 31) = 5.48, p < .01). The difference between OFC patients and controls was significant ( p < .05) and approached significance for the LPFC group compared with the controls ( p < .06). The two patient groups did not differ significantly from each other. The LPFC patients had all undergone craniotomy, which could potentially influence amplitude levels over the lesioned hemisphere through current shunting caused by skull defects or to changes of current flow patterns due to the surgical resection cavities filled with cerebrospinal fluid. To partly address this issue, an analysis of signal-tonoise ratio over lesioned versus nonlesioned electrode sites was performed by computing mean standard deviations of the amplitudes in the baseline period. There was not a significantly larger variation in amplitudes over the lesioned compared with the nonlesioned hemisphere in the LPFC group ( p < .3), indicating that the signal-to-noise ratio was comparable across hemispheres.
P2. Over the frontal electrodes, there was a main effect of Group (F(2, 31) = 5.07, p < .01) as the OFC group had significantly smaller mean P2 amplitude to standards than the control group ( p < .001). The LPFC group did not differ significantly from either of the two other groups. See Figure 4 .
N2.
There were no significant main effects or interactions involving Group on amplitude (Fs = 0.21-2.0, ps = .08-.94) or latency (Fs = 0.27-1.67, ps = .21-.76) of the N2 difference waves (target minus standard and novel minus standard computations).
ERPs to Target and Novel Deviants
Parietal P3b to targets. There was no significant main effect involving Group for the parietal P3b latency (F(2, 31) = .17, p < .85; controls: 386.1 msec, SD = 57.3; OFC: 394.9 msec, SD = 54.1; LPFC: 398.9 msec, SD = 28). The analysis revealed no significant main effect of Group on the parietal P3b peak (F(2, 31) = 1.17, p < .32) or mean (F(2, 31) = 1.34, p < .28) amplitude, as well as no significant interactions between Group and Hemisphere neither for the peak (F(4, 62) = 1.46, p < .23) nor the mean (F(4, 62) = 1.42, p < .24) amplitude analysis.
Novelty P3. There was no significant main Group latency effect for the frontal Novelty P3 (F(2, 31) = .36, p < .7; controls: 314.7 msec, SD = 17.6; OFC: 328.1 msec, SD = 34.5; LPFC: 309.5 msec, SD = 28.2). Amplitude analysis was performed on mean values. Both patient groups displayed attenuated Novelty P3 amplitudes compared with healthy controls. The overall analysis showed both significant Anterior-Posterior × Group (F(4, 62) = 3.53, p < .05) and Hemisphere × Group (F(4, 62) = 3.65, p < .05) interactions. Follow-up analyses were, thus, performed on the right, midline, and left/lesioned Novelty P3 was compared between controls and the patients with OFC lesions due to tumor (n = 9) and TBI (n = 4), respectively, and both etiologies resulted in Novelty P3 reductions. The patients with tumor resections had significantly reduced Novelty P3 amplitudes over both left (F(1, 23) = 16.82, p < .001) and midline (F(1, 23) = 10.32, p < .005) frontal electrode groups, whereas the smaller TBI group had reduced Figure 5 . ERPs to target tones over (A) frontal, (B) frontocentral, and (C) parietal electrode groups.
Novelty P3s only over the left hemisphere (F(1, 18) = 5.35, p < .05).
Amplitudes to the first nine novel stimuli were examined over the frontal midline electrodes by comparing the first three novel stimuli to the next three (Novel Stimuli 4-6) and again to Novel Stimuli 7-9. The raw data of the control group showed the expected decline in amplitudes over the three stimulus groups (Novel Stimuli 1-3: 3.7 μV, Figure 6 . ERPs to novel sounds over (A) frontal, (B) frontocentral, and (C) parietal electrode groups. SD = 3.6 μV; Novel Stimuli 4-6: 3.0 μV, SD = 2.7 μV; Novel Stimuli 7-9: 1.1 μV, SD = 5.3 μV), whereas the OFC group had negative polarity ERP amplitudes to novel stimuli from all three groups with no evidence of habituation (Novel Stimuli 1-3: −0.5 μV, SD = 4.1 μV; Novel Stimuli 4-6: −2.1 μV, SD = 4.5 μV; Novel Stimuli 7-9: −0.6 μV, SD = 4.6 μV). The LPFC group had a small Novelty P3 of positive polarity over the mean of the first three stimuli only (Novel Stimuli 1-3: 1.9 μV, SD = 4 μV; Novel Stimuli 4-6: −0.9 μV, SD = 2.6 μV; Novel Stimuli 7-9: −0.4 μV, SD = 2.6 μV). The change in amplitudes over stimulus groups did not turn out as significant for any of the subject groups. There was, however, a main effect of Group (F(2, 29) = 5.12, p < .01), indicating that the Novelty P3 diminishment was evident already from the first novel stimuli presented (mean amplitudes of Novel Stimuli 1-9 controls: 2.6 μV, SD = 2.6 μV; OFC: −0.9 μV, SD = 3.3; LPFC: .23 μV, SD = 2.1). Post hoc analysis showed that the OFC group differed significantly from controls ( p < .01).
Early (400-600 msec) NSW. There was a main effect of Group (F(2, 31) = 9.16, p < .001) because of larger amplitudes in the LPFC group than in controls ( p < .01).
There was an additional Stimulus Type × Hemisphere × Group interaction (F(8, 124) = 3.08, p < .01; see Figures 6 and 8) . For the target sounds, there was a magnitude difference between the LPFC group and controls ( p < .05) over left/lesioned electrode sites, and both OFC and LPFC groups had larger amplitudes than controls over frontal midline electrodes ( p < .05 and p < .01, respectively). For the novel sounds, there was an interaction between Group and Hemisphere for both frontal (F(4, 62) = 7.30, p < .001) and frontocentral electrodes (F(4, 62) = 6.53, p < .001). Over the lesioned hemisphere, the LPFC group had larger frontal and frontocentral NSW to novel sounds than both OFC patients and controls ( p < .001). The effect was still present when lesion volume was entered as covariate in the model (F(2/ 30) = 6.66, p < .005). The LPFC group also differed from the other groups over frontal midline sites ( p < .001). There were no significant differences between the OFC group and the controls. Irrespective of group, the early NSW was most pronounced over the left (lesioned for the LPFC group) hemisphere for both targets (F(2, 62) = 15.75, p < .0005) and novels (F(2, 62) = 8.32, p < .001). There were no significant effects involving standard tones. Late (600-800 msec) NSW. A main effect of Group (F(2, 31) = 5.15, p < .01) reflected that the LPFC group had a larger mean amplitude than the other groups (see Figure 6 ). There were additional Stimulus Type × Group (F(4, 62) = 2.62, p < .05) and Anterior-Posterior × Hemisphere × Group (F(4, 62) = 2.59, p < .05) interactions. Follow-up analyses revealed no significant Group differences for the target stimuli. For the novel sounds, however, there was a main effect of Group (F(2, 31) = 8.37, p < .001) but also an interaction between Hemisphere and Group (F(4, 62) = 2.52, p < .05). Over the lesioned hemisphere, the LPFC group had a significantly larger NSW than both controls ( p < .01) and the OFC group ( p < .01). This effect was still present when lesion volume was entered as covariate (F(2, 30) = 5.73, p < .001). This was also the case for the midline electrodes ( p < .01). Over the nonlesioned hemisphere, the LPFC group differed significantly from controls only ( p < .05). There were no significant differences between controls and the OFC group. As for the early NSW, there were no significant effects involving standard tones.
Relationship between RT and ERP Measures
In the healthy controls, but not the patient groups, there was a significant negative correlation between the amplitude of the early NSW to target stimuli and RT to successful target trials over the left hemisphere (r = −.53, p < .04). There were no other significant correlations between RT to target stimuli and ERP measures.
DISCUSSION
Neurophysiological markers of novelty processing were studied in patients with lesions to the LPFC or the OFC in an auditory oddball task containing unexpected and task-irrelevant novel environmental sounds. The patient groups were classified as moderately impaired by the GOS-E. Despite this, their IQ and neuropsychological test results were normal, indicating that the patients experience functional deficits that were not readily detected by traditional neuropsychological measures. Of note, the OFC group reported more obsessive-compulsive symptoms and the LPFC group reported more irritability than controls. Obsessive-compulsive symptoms have been described in patients with OFC damage (Coetzer, 2004; Woessner & Caplan, 1995) . Both patient groups displayed few commission errors to task-irrelevant stimuli, and their RTs and hit rates to target sounds were comparable to healthy controls, in accord with earlier studies showing typical behavioral performance in patients with focal frontal lesions on simple oddball tasks (Knight & Scabini, 1998; Knight, 1984 Knight, , 1997 Yamaguchi & Knight, 1991) . Despite normal scores on neuropsychological tests and normal performance on the experimental task, there were robust effects of frontal lesions on ERP measures of novelty processing.
Dissociation of Target and Novelty Processing after Frontal Lobe Damage
All three groups displayed a parietal maximum P3b to target stimuli supporting normal target detection in this simple task, a finding previously demonstrated in patients with LPFC lesions (Knight & Scabini, 1998) . The present study indicates that the same conclusion can be extended to the role of OFC lesions on parietal-dependent target processing.
LPFC damage resulted in reduced amplitudes of the Novelty P3 response as has also been reported. Novelty P3 attenuation was evident for patients with OFC lesions as well, indicating that both OFC and LPFC participate in novelty processing. The reduction of the Novelty P3 was predominantly found at frontal and frontocentral electrode sites over the lesioned hemisphere in the LPFC group. The relative sparing of midline novelty P3 activity in the LPFC group might be because of reorganization of frontal function in the spared cortex of these patients ( Voytek, Davis, et al., 2010) .
In the OFC group, the Novelty P3 reduction was seen over frontal electrodes only, but the effect was present both over midline and left hemisphere electrodes. A habituation analysis of the Novelty response to the first nine Novel stimuli showed that the OFC patients failed to generate a Novelty P3 over frontal midline electrodes for any of the novel stimuli, providing additional support for the role of OFC in novelty processing. Of interest, the LPFC group showed habituation of the Novelty P3 response.
The lateralized reduction of the Novelty response in OFC patients was unexpected. The majority of OFC patients had bilateral lesions. In fact, the OFC group had a larger mean lesion volume over the right hemisphere (28.9 ccm) compared with the left (21.3 ccm), indicating that the laterality effect was not merely a product of the amount of damaged cortex. One possibility is that the Novel sounds used were meaningful environmental sounds and could have given rise to semantic processing (Mecklinger, Opitz, & Friederici, 1997) . It has been demonstrated that novel environmental sounds activate left frontal brain regions in a verbal encoding task (Opitz, Mecklinger, & Friederici, 2000) . Although speculative, it is possible that the effect of OFC lesions on novelty processing was larger over the left hemisphere because of altered processing of acoustic meaning.
Differential Frontal Lesion Effects on the NSW
The NSW to targets was enhanced for both patient groups with a maximum around the time of manual response delivery (mean RT = 422 msec in both patient groups). A left and midline frontal maximum was observed, corresponding to the lesioned hemisphere for the LPFC patients. Novel stimuli elicited a larger frontal negativity with a longer duration than the NSW to target stimuli for the LPFC group compared with both the OFC group and healthy controls. The enhanced NSW to novels in the LPFC group was predominantly present over the lesioned hemisphere.
Studies of healthy subjects (Schroger & Wolff, 1998) , neurological populations (Potter, Bassett, Jory, & Barrett, 2001) , and children (Maatta et al., 2005) suggest a link between auditory novelty-related NSW and controlled allocation of attentional resources. It has been proposed that the orienting response consists of two stages; first, the reaction that something novel has appeared, and second, an evaluation of stimulus characteristics and response requirements (Germana, 1968) . Kok (1978) proposes that the Novelty P3 and the NSW reflect these two decision stages of the orienting response. A seeming paradox has been noted in Knightʼs (1984) conclusion that lateral frontal lesions result in a deficit, both in inhibitory control and in novelty detection, implying that patients with frontal lobe lesions are both more distractible and less susceptible to deviant events (Kok, 1999) . Kok (1999) resolves this paradox by assuming that these two phenomena reflect deficits in separable attentional mechanisms. Reduced novelty detection could reflect a deficit in automatic or involuntary aspects of attention, whereas increased distractibility could result from a deficit in active focusing of selective attention. This implies that it should be possible to observe differential effects on ERP indicators of novelty processing. The OFC group in the present study presented with reduced Novelty P3 only, whereas the LPFC group displayed both a reduced Novelty P3 and an enhanced novelty-related NSW indicating that the Novelty P3 and the NSW can be differentially affected by brain injuries.
A second possibility is that the Novelty P3 is not as automatic or reflexive as traditionally believed. The Novelty P3 amplitude is modulated by familiarity and semantic context (Friedman, Cycowicz, & Dziobek, 2003) , implying that the Novelty P3 also is affected by the process of bringing the event to consciousness for evaluation of salience and appropriate action. If a Novelty P3 reduction indexes changes in the cognitive evaluation of novel events in addition to an involuntary orienting response, one might expect to observe signs of subsequent prolonged processing. This notion would be in line with the proposal that late NSW is associated with working memory and level of mental processing (Ruchkin et al., 1995) . The prolonged enhancement of the NSW to meaningful novel sounds could, thus, index a tendency for sustained stimulus processing in the LPFC group even after a decision has been made to not respond.
A related question is the functional association between the NSW to target and novel stimuli. These stimuli are both deviant events of low frequency and both elicit slow waves in an oddball paradigm (Ritter & Ruchkin, 1992) . The novel stimuli, unlike the target sounds, are acoustically complex and meaningful. They are also unique on every presentation, whereas the targets are identical but task relevant. The amplitude of the frontal NSW can be affected by a range of factors, such as degree of novelty, stimulus probability, response probability, and task relevance (Kok, 1978) . The NSW elicited by target stimuli could be because of factors related both to physical deviance, task relevance, and motor response requirements. The novel sounds might elicit a slow negativity largely because of perceptual novelty and inherent meaningfulness. The NSW to target and novel deviants could thus be reflecting both distinct and overlapping cognitive processes that we could not disentangle in the current study.
Increased NSW amplitudes were associated with longer RTs. This has been demonstrated in earlier studies, as well, and has been interpreted as indicating that slow waves are related to task demand (Roth, Ford, & Kopell, 1978) . Thus, an enhanced NSW in patients with frontal lobe injury might be associated with an abnormal allocation of "mental effort" to the deviant stimuli to cope efficiently with the task (Voytek, Davis, et al., 2010) .
Distinct Lesion Effects on Early ERP Potentials: N1 and P2
Enhancement of the N1 in patients with frontal lobe injury (Knight et al., 1980) and in older subjects (Kok, 2000) has previously been interpreted as indexing altered inhibitory control because of prefrontal deficit. However, in this study, there was a possibility that the ERP effects in the LPFC group could be influenced by surgical skull defects over the lesioned hemisphere because of current shunting caused by craniotomy defects in the skull or to changes of current flow patterns due to the resection cavities being filled with cerebrospinal fluid ( Voytek, Secundo, et al., 2010) . The spontaneous EEG of the prestimulus baseline period did not show significantly larger amplitude variation over the lesioned compared with the nonlesioned hemisphere in the LPFC group. Thus, the amplitude enhancements are not likely because of increased noise or activity not related to task requirements. It is not possible to entirely rule out a contribution of craniotomy effects because the increased N1 amplitude in the LPFC group generalized across stimulus types. Although factors not related to the task such as current shunting may have contributed to the N1, the effect might also reflect changed inhibitory top-down control over early perceptual processes.
There are several reasons why current shunting cannot explain the results observed for the P2, Novelty P3, and NSW components. First, there is not a general amplitude enhancement across all ERP components or stimulus types for the P2, Novelty P3, and NSW. Second, the N1 enhancement was not accompanied by a comparably negative shift or enhancement in the following P2 component to standard tones. Third, the NSW was condition specific. Finally, a regression analysis showed that the N1 amplitude did not predict NSW amplitude.
Although N1 was unaffected in the OFC group, these patients had a reduced P2 to standard tones. The functional significance of the P2 is poorly understood, but it has been shown to be related to aspects of auditory discrimination and stimulus classification as well as attentional processing (Tong, Melara, & Rao, 2009; Crowley & Colrain, 2004; Näätänen, 1992) . The N1 and P2 have been shown to be differentially affected by frontal brain injury as patients with lateral frontal damage displayed enhanced N1 and normal P2 when stimuli were presented to the ear contralateral to lesion site compared with ipsilateral stimulation (Knight et al., 1980) . The results of the current study are in line with these findings, as the LPFC group displayed an increased N1 amplitude and a normal P2 over the lesioned hemisphere. The OFC group had a normal N1 but reduction of the P2 to standard stimuli. One hypothesis is that the OFC patients might be presenting signs of dampened perceptual classification, although not to the degree where it caused a breakdown in target discrimination in this fairly simple auditory oddball task.
Novelty P3 and OFC Lesions
Two earlier studies have described enhancement of P3 amplitudes after frontal lobe injury. The Rule et al. (2002) study is the only work that has explored the effects of OFC lesions. A parietal (Pz) Novelty P3 distribution seen in controls was enhanced in OFC patients. The parietal distribution of the Novelty P3 stands in contrast to many studies showing a more frontal-central novelty distribution. A passive novelty task was used by Rule et al. The patients watched a silent movie during stimulus presentation, and auditory and somatosensory stimuli were interspersed among each other in an unpredictable fashion at long ISI, causing the somatosensory and the auditory stimuli to be emotionally laden because they automatically pulled attention away from the movie. Of note, the study included only four OFC patients, of which one had additional lesion to the temporal lobe. The extent of OFC damage was comparable between our study and the study by Rule and colleagues.
The second study reporting enhancement of the P3 is Kaipio et al. (1999) , wherein 11 patients with closed head injuries were included and exposed to a passive design as they were instructed to ignore standard and deviant (600 and 660 Hz, respectively) tones as well as complex Novel sounds presented during a visuomotor tracking task. Enhancement of a later portion of the Novelty P3 (350-450 msec) was shown over Cz. No lesion effects were seen over frontal electrode sites. The findings were taken to indicate enhanced processing of novel sounds. Six patients were described to have predominantly frontal damage, one no parenchymal lesion, one retained fluid in the sphenoid sinus, one subcortical diffuse axonal injury, and two temporal lobe lesions. Information on exact lesion site or size was not provided. Although this study might elucidate general effects of acquired brain injury, it is not well suited to provide information about the distinct relationship between subregions of the frontal lobes and novelty processing.
Taken together, differences in lesion location, study design, Novelty P3 scalp distribution, and sample size across studies render direct comparisons with earlier studies difficult. However, the differing results might indicate that an enhancement of the posterior P3 is associated with passive paradigms and emotionally laden stimuli. Contrasting the effect of predominantly cognitive and emotionally charged tasks on the P3 complex in patients with OFC lesions is needed to address this issue. A strength of the current study is the size of the OFC group and the active nature of the task. The findings in this study are in line with an animal study where neurons that responded to novel but not to familiar visual stimuli and habituated rapidly were demonstrated in the anterior OFC of the rhesus macaque monkey (Rolls, Browning, Inoue, & Hernandi, 2005) .
Variation in lesion etiology between the two patient groups and within the OFC group might contribute to the findings in this study. All LPFC patients had undergone resections of unilateral LGG. The majority (8 of 13) of patients with OFC lesions had undergone resection of large meningiomas, four suffered TBI, and one had an LGG. The studies performed by Daffner et al. (2000 Daffner et al. ( , 2003 included only patients with cerebrovascular insults, whereas in Knightʼs initial ERP study of frontal novelty processing (Knight, 1984) , 7 of 14 patients had tumor resections, 5 had cerebrovascular, 1 had trauma, and 1 had abscess resection. Stuss and Alexander (2007) note that their studies of the neuropsychological effects of focal frontal lesions have demonstrated that lesion location is more important than etiology. Of note, despite the differing etiologies, the Daffner et al. and Knight studies yielded parallel results on Novelty P3 reductions after LPFC damage. The subgroup analysis of the OFC group in this study demonstrated that the Novelty P3 reduction was evident both in patients with tumor resections and in the TBI patients, indicating that the findings were not restricted to a specific etiology.
Although studies of the effect of LPFC lesions to the ERP complex are almost exclusively performed on patients with unilateral lesions, both Rule et al.ʼs work (Rule et al., 2002) and our study included OFC patients with predominantly bilateral damage. Whether the Novelty P3 reduction observed in the patients with OFC damage would have been seen in a sample with unilateral OFC damage awaits further study.
Conclusion
This study showed that despite normal task execution and neuropsychological profiles, patients with LPFC and OFC lesions present distinct neurophysiological evidence of alterations in novelty processing. Patients with LPFC and OFC lesions exhibited a normal parietal P3b response to target stimuli, indicating unaffected target detection. Conversely, both patient groups displayed attenuation of the Novelty P3 component, indicating an altered orienting response to unexpected and task irrelevant novel events. Previous work has demonstrated this for patients with LPFC lesions, and here, we extend this finding to OFC damage patients. Both patient groups displayed enhanced NSW to target deviants, possibly related to increased processing to successfully performing the task. Only the LPFC group showed an additional enhanced NSW to novel sounds, an effect that might index prolonged processing of task-irrelevant sounds in this group. Taken together, the results suggest that OFC and LPFC lesions have a partly shared and partly differential effect on the cascade of cognitive subcomponents involved in novelty processing. Normal novelty processing is the result of a cascade of sensory/ perceptual and cognitive processes, with subregions of the frontal lobes providing critical input throughout the process of deviance detection and evaluation of stimulus significance.
